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Designing an efficient tidal turbine blade through Bio-mimicry: A systematic review  
ABSTRACT 
Purpose: A comprehensive literature review is conducted in the tidal energy physics, the ocean 
environment, hydrodynamics of horizontal axis tidal turbines, and bio-mimicry.  
 
Design/methodology/approach: The paper provides an insight of the tidal turbine blade design and need for 
renewable energy sources to generate electricity through clean energy sources and less CO2 emission. The 
ocean environment along with hydrodynamic design principles of a horizontal axis tidal turbine blade are 
described, including theoretical maximum efficiency, Blade Element Momentum theory, and non-
dimensional forces acting on tidal turbine blades.  
 
Findings: This review gives an overview of fish locomotion identifying the attributes of the swimming like 
lift based thrust propulsion, the locomotion driving factors: dorsal fins, caudal fins in propulsion, which 
enable the fish to be efficient even at low tidal velocities.  
 
Originality/ value: Finally, after understanding the phenomenon of caudal fin propulsion and its relationship 
with tidal turbine blade hydrodynamics; this review focuses on the implications of bio-mimicking a curved 
caudal fin to design an efficient Horizontal Axis Tidal Turbine.  
 
KEY WORDS: Bio-mimicry, Horizontal Axis Tidal Turbine, Ocean Environment, Tidal Energy.  
 INTRODUCTION  
Currently, global energy requirements are met by consumption of fossil fuels. As the heavy dependence 
on fossil fuel increases it is becoming a primary concern and countries worldwide, have now realised the 
need to incorporate renewable energy sources into their energy policies as an alternative to fossil fuels 
(Morandi et al., 2016). Tidal energy is a renewable electricity source based on the conversion of kinetic 
energy of moving water into mechanical power to drive generators (Shi et al., 2015). It has fewer CO2 
emissions, it has minimal reliance on fossil fuels, and is one of the many sources to address concerns over 
climate change (Tedds et al., 2014). As there is a need to identify and use more sustainable sources of 
power generation tidal energy will gain more attention. Tides result from the gravitational pull of the 
moon. “As water covers 71% of the earth's surface, energy can be harnessed on a large scale through 
tides” (Blunden and Bahaj, 2006). Tides are predictable, which is also the greatest advantage that tidal 
energy has over other renewable sources like wind or solar power.  
As a result of this growing interest in tidal energy, many new tidal turbine blade designs have been 
created. Tidal turbines are classified into two type’s horizontal axis tidal turbines (HATT), and vertical 
axis tidal turbines (VATT) (Uihlein and Magagna, 2016). HATT are also known as axial flow turbines; 
they have the rotational axis parallel to the tidal flow; thus, they operate in only one flow direction 
(Magagna and Uihlein, 2015). The principle of operation of the HATT is similar to the horizontal axis 
wind turbine (HAWT); it has blades fitted to the hub, a generator to convert kinetic energy from the water 
to mechanical energy, shaft to produce power and gearbox (Bai et al., 2016). 
Bio-mimicry or biomimetic has proved to be an excellent motivation to solve complex human problems, 
by imitating nature (Fish et al., 2011). The design process starts by looking at nature’s ecosystem, self-
healing abilities or a particular organism, to produce a design solution to the human need. The classic 
example of the bio-mimicry is the Humpback Whale wind turbine, designed adapting the whale’s flippers 
and tubercles (Fish and Battle, 1995) (Shi et al., 2016). The locomotion of the marine vertebrate is based 
on the five fins namely; caudal, anal, pelvic, pectoral, and dorsal fins which are located around its body, 
and the movements caused because of these flexible fins act as the main source for propulsion at high 
swimming efficiency (Chang et al., 2015).  As 80% of the propulsive efficiency i.e. the swimming speed 
for e.g. Blue Marlin fish is caused due to its high lift generating caudal fin, which makes it one of the 
fastest propelling fishes under the ocean, and also enables it to be efficient even at the low velocities 
(Chiang et al., 2015; Su et al., 2016). 
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The aim of this review is to provide an insight over the implications of bio-mimicking a curved caudal fin 
to design an efficient HATT in the field of tidal energy. As well as, it combines the aspects of the tidal 
energy physics, the ocean environment, hydrodynamics of horizontal axis tidal turbines, and bio-mimicry 
(through marine vertebrate synopsis). The article is structured as follows: Section 2 presents the tidal 
energy physics and tidal energy resources in the UK; Section 3 will present the ocean environment and 
tidal flow analysis methods. Section 4 covers hydrodynamics of tidal turbines, and Section 5 bio-mimicry 
and its applications. Finally, conclusions of this review are presented in Section 6.  
TIDAL ENERGY PHYSICS AND ITS APPLICATIONS 
Tides are the results of rotational movements within the gravitational and centrifugal forces of the sun 
and the moon. Two high and two low tides pass through a point on the equator, approximately because 
the moon rotates through the centre of the earth-moon system during this time; this cycle is never ending. 
Hence, tidal energy is renewable energy. The fundamental lunar patterns in seawater energy are defined 
as follows (Rayson et al., 2015): 
• Lunar day: The time for a cycle of two high and two low tides is 24 hours and 50 minutes per tidal day, 
known as a lunar day in seawater energy context.  
• Synodic or Lunar Cycle: The period from full moon to full moon is 29.53 days, known as Synodic or 
Lunar month.  
• Diurnal tides: One high and one low tide per tidal day. The period is 24 hours and 50 minutes. 
• Semi-diurnal tides: Two equal high tides and two similar low tides per tidal day. The period is 12 hours 
and 25 minutes. 
• Spring tides: At the full moon, the moon is in between sun and earth, during this period, sun’s 
gravitational field is in the same direction as the moon. At this time, the high tides are higher and low 
tides are lower known as Spring Tides (Iwasaki et al., 2015). Spring tides are larger because tide-
generating forces of sun and moon are combined.   
• Neap tides: During the first or last quarter of the moon, the sun’s gravitational forces are perpendicular. 
There is a partial cancellation of the tide-generating forces resulting in lower high tides and higher low 
tides known as Neap tides (Yuce and Muratoglu, 2015). Generation of the neap tides and spring tides is 
demonstrated in Figure 1. 
 
Figure 1 Generation of the neap and spring tides (James et al., 2010) 
Tidal energy resources in the UK 
There are significant efforts put in by the UK government to meet the 2020 target of having 15% 
renewable energy which would reduce 34% of the CO2 emissions (Konadu et al., 2015). To achieve 
these targets, major investment is necessary, given the UK’s vast tidal energy resource. Due to the 
geographical advantage of the UK, it is a world leader regarding tidal energy potential resources, 
which could provide power up to 50 TWh/annum (Martin-Short et al., 2015). Black & Veatch 
(Black & Veatch Consulting Ltd, 2005) identified the largest tidal energy sites in the UK where 
places like the Pentland Firth and the Orkney Islands have tidal current velocities (Spring tides) up to 
4.5 m/s (Department of Business, Enterprise and regulatory reform, Atlas of the UK marine 
renewable energy resource, BERR, London, 2008). Figure 2 shows the spring tide currents and their 
speeds. 
 
Figure 2 Mean Spring tide current velocities and specific regions of tidal sites (Department of Business, Enterprise and regulatory 
reform, Atlas of the UK marine renewable energy resource, BERR, London, 2008). 
Iyer et al., (2013) suggest that the tidal energy sites would potentially produce 35 TWh/year of 
power through tidal turbines/devices per year.  The Pentland Firth alone has the installation capacity 
of 4532 MW of power output with total power output potential being 9.7 GWh/year (Easton et al., 
2012). There is no doubt, that if this technology was developed to its full potential, it would help the 
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UK Government in achieving its 2020 renewable energy targets and would not compromise the 
energy demand for the future. 
In the UK, the Pentland Firth is an area which meets all the above generic criteria for a site selection. 
It connects to the North Atlantic and lying in the South of Orkney Islands (Scotland, UK). The 
Pentland Firth is known for experiencing spring tide current velocities up to 7 m/s with power 
generation capacity approximately of 1GW over the year.  “The Pentland Firth is around 23km long 
and varies in depth from 60m to 100m along its main axis. Its width varies considerably, with 7.5km 
being taken as representative of the width of the region of high flow along the Firth. Maximum flows 
can exceed 4.5m/s in some locations within the Firth at spring tides” (Vennell, 2013). Although a 
tidal site might experience higher tidal current velocities, the velocities are not continuously high; 
they vary throughout the year. Figure 3 shows the tidal current velocities in mean spring tide for the 
Pentland Firth, Scotland area. 
 
Figure 3 the tidal current velocities in mean spring tide for the Pentland Firth, Scotland area (Shields et al., 2009) 
Bryden et al., (2007) generated water flow velocity graphs using UK Admiralty charts and Marine 
Atlases around the Pentland Firth, UK.  The tidal flow velocities range from 1 to 3.5 m/s for the 
annual spring and neap tides around the Pentland Firth, Scotland, which varies throughout the year. 
Bryden and Couch (2006) demonstrated how the mean energy flux behaves in a tidal channel which 
has a width of 1000 m and depth of 40 m for the mean neap tide and assuming the peak spring tide 
of 3 m/s. They reported that the performance of the tidal rotor to harness the electricity, and the 
turbine efficiency depends on the water flow velocity and its variation.   
Types of tidal turbines 
There are two types of tidal turbines: 1) Horizontal axis tidal turbines (HATT) and 2) Vertical axis 
tidal turbines (VATT), of which HATT’s are the most efficient ones. The working principles of tidal 
turbines are similar to wind turbines, but sea water is nearly 835 times denser than the wind (Cai et 
al., 2012). As the tidal turbines are submerged the working conditions are different from the wind 
energy environment, tidal turbines experience more forces and pressure than wind turbines.  Due to 
these reasons, tidal turbines can have smaller blades and rotate slower than but can still capture the 
same amount of the kinetic energy to produce power. Flow under seawater cannot be unidirectional 
like the wind; it can be bidirectional (Waters and Aggidis, 2016). Tidal turbines are capable of 
reversing their blades to suit the flow from any direction; it can be done by changing the blades and 
by having a pitch of 180° to generate electricity on both flood tide and ebb tide. A sample of HATT 
applications including the curved HATT is discussed below.   
i) The Marine Current Turbine (MCT), UK: The largest developer of full-scale horizontal axis tidal 
turbines in the UK is MCT (Elghali et al., 2007). MCT have developed two technologies which are 
explained below:- 
a) Seaflow: Seaflow turbine system has an 11 m diameter turbine with a power output of 300 kW. It 
has a complete span pitch control to face flow from any direction. It is installed at Foreland Point in 
North Devon, UK. Its significant feature is that it is not connected to the grid but is fixed on a 
tubular pile, and the entire turbine can be raised up for maintenance (MCT, 2008). Figure 4 
demonstrates the Seaflow turbine system. 
 
Figure 4 Seaflow turbine system by MCT (MCT, 2008) 
ii) Swept Twist Adaptive Rotor (STAR) Blade: Sandia National Laboratories (SNL) partnering with 
Knight and Carver (K&C) modelled a horizontal axis wind turbine called the Swept Twist Adaptive 
Rotor (STAR) blade aiming to improve annual power production from low wind velocity sites 
(Ashwill et al., 2010).  The entire STAR project was funded by the US Energy Department’s ‘Wind 
and Water Program’ to promote energy generation from the wind from lower wind velocity areas. 
The STAR blade was inspired from a ‘high lift generating bird feather’ allowing the geometric 
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sweep for longer blade fatigue life (Larwood and Zuteck, 2006). After conducting the parametric 
design of the STAR blade, an aeroelastic analysis was done to fabricate the modelled blade. The 
operating loads and the power output were calculated using ‘full flight tests’ achieving their primary 
goal of improving the annual power output by 10 to 12%. The design variables utilised for the 
optimisation process were planform, airfoil thickness, sweep magnitude, airfoil and blade structural 
geometry; root airfoil forward sweep angle and load reduction at the root airfoil station. Figure 5.1 
shows the swept blade artistic concept from the ‘high lift generating bird feather’, and Figure 5.2 
shows the manufactured STAR blade for flight testing. 
 
Figure 5.1 Swept blade concept (after Ashwill et al., 2010), Figure 5.2 Manufactured STAR blades for flight testing 
(Larwood and Zuteck, 2006) 
 
THE OCEAN ENVIRONMENT 
Maximum theoretical power generation 
The available power in a flow of water can be calculated as the kinetic energy per unit time passing 
through the cross-sectional area of the rotor. Therefore the available power for a tidal turbine can be 
calculated by using Equation 1 and the derivation follows (Mycek et al., 2013): 
Assuming constant linear acceleration, 
𝑣2 =  𝑢2 + 2𝑎𝑥 
𝑣2 = 2𝑣.
𝑑𝑣
𝑑𝑥
. 𝑥 
∴  
𝑑𝑣
𝑑𝑥
=
𝑣2
2𝑥
 
And, 
𝑃 = 𝐹. 𝑉 
           = 𝑀.
𝑑𝑣
𝑑𝑡
. 𝑉 
             = 𝑀.
𝑑𝑣
𝑑𝑥
. 𝑉2 
                 =  𝜌𝑉.
1
2
𝑣.
𝑥
. 𝑉2 
       𝑷 =  
𝟏
𝟐
𝝆𝑨𝑽𝟑 
 
 
 
 
 
 
 
 
 
Eqn.  1 
where P is available to power (W), ρ is water density (Kg/m3), A is the cross-sectional area 
perpendicular to water (m2), V is water velocity (m/s). 
Tidal turbines and wind turbines share the same working principle. Although all the kinetic energy is 
available for power production, Betz’s law states that the maximum efficiency of a turbine is 59.3% 
(Betz, 2014). Keck and Sick (2008) suggest that to allow variable speed operation; the mechanical 
rotor speed and the frequency of the electric supply grid must be decoupled. When the water velocity 
increases to levels above the water flow velocity, the power generated cannot be increased further, 
because this will lead to overloading of the generator.  Therefore, the hydrodynamic efficiency of the 
tidal rotor must be reduced, to limit the power extracted from water to the maximum power of the 
tidal turbine. Vu and Retieb (2002) showed efficiencies of various tidal turbines in Figure 6. 
 
Figure 6 various efficiency limits of water turbines (after  Vu and Retieb, 2002) 
Tidal flow analysis methods 
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Tides are produced by the gravitational interactions of the sun and moon which act on the ocean. 
Elevations of tides only occur when there is a rise in oscillating forces produced by oceanic tides on 
the shallower continental shelf. It is assumed that tidal stream processes should have same analytical 
properties, hence to provide a good tidal flow analysis for a location; traditionally harmonic analysis 
of tides has been preferred especially for the ups and downs of the tides in “shallow water” areas 
(Arns et al., 2013). The tidal waves are not directly influenced by gravitational/astronomical effects 
between the sun and the moon along the coastal and shallow water areas. The positions of the sun, 
the moon and the earth are not circular but elliptical due to this reason they all are inclined to each 
other and result in different lunar periods and cycles. The principal lunar periodicities and lunar 
forces for the sun-moon-earth system are discussed below:  
a) Smaller periodic lunar cycles: In the oceanographic context, when the orbital plane of the moon 
is inclined with the earth’s equatorial plane it results in tidal force generation and the moon is in 
the elliptical orbit of the sun-moon-earth system. At this time, the moon has maximum 
declination and the variations of the declinations during this period is called as a tropical month 
which has the same rotation as earth and the length is 27.32 days. The period of time from new 
moon to new moon is called as the synodic month and the duration of that month is 29.53 days 
(Adrian and Meeuwig, 2001).  
b) Longer periodic lunar cycles: When the earth revolves around the sun in an elliptical orbit, the 
length of time on earth’s rotation is 365.2422 days. When the moon’s orbit intersects the earth it 
has an angle of 5.15° to the lunar plane of sun’s elliptic path. At this period, the moon’s orbit 
rotates slowly in that plane, the length of this period is 18.61 years which is also known as “the 
lunar node revolution” (Lowry et al., 2007). The last concept of the longer periodic cycle called 
“The Perihelion cycle”, at this period the earth’s orbit faces the effects of the earth’s revolution 
around the sun which is very slow at this period and the length is 20940 years. The sun has 
similar periodic cycles.  
1.1.1 Harmonic analysis: Leffler & Jay (Leffler and Jay, 2009) reported the need for analysis 
and understanding of the tidal behaviour because of the dynamic nature of coastal and 
estuary waters. They also indicated that taking measurements for a longer period of tidal 
action with appropriate accuracy is required for the prediction of tides. Traditionally, 
the astronomical effects on tides have been analysed by using harmonic analysis method 
(Foreman and Neufeld, 2015). While explaining the tides local bathymetry and the 
topology of the location are paramount to the forces acting on the tidal constituents. A 
harmonic analysis of tides allows measuring of the periods, amplitudes, frequencies, 
and different phases of a tide at a particular location, by mapping a curve called 
“Nyquist frequency” (Matte et al., 2014). 
1.1.2 Response analysis: The response analysis of the tides is more precise than the 
traditional harmonic analysis of tides and has greater accuracy with analysing fewer 
tidal constituents (Crawford, 2015). The mathematical formulation of the response 
method was done by Groves & Reynolds (Groves and Reynolds, 1975), treating the 
seawater as an equilibrium system with tides as the input and tide flow velocity as the 
output.  
Despite the response method being more accurate and precise than the harmonic 
analysis method for tides, it can also operate in shallow waters with low gravitational 
effects; the harmonic analysis remains the preferred method for analysing the tides 
because of its ease of computer analysis and simple conceptual understanding (Zetler et 
al., 2015). 
HYDRODYNAMICS OF TIDAL TURBINES 
Blade Element Momentum theory 
Tidal turbine power generation depends on the interaction between the sea water and tidal turbine 
blade. Betz (2014) demonstrated the simple idealised model of ideal turbine, with ideal flow of fluid. 
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This model of linearized blade momentum theory was developed in early 1920’s to measure the 
performance of ship propellers.  Malki et al., (2013) suggested that using BEM method loads and the 
thrust of the rotor blade can be calculated for various velocities, angular velocity and pitch angle. 
They demonstrated that a blade could be divided into N number of sections with assuming that each 
section is independent of other sections, and lift and drag on each section of the airfoil section define 
the force acting. Figure 7 demonstrates various sections in a rotor blade and its angular velocity. 
 
Figure 7 Illustration of the blade sections (after  Manwell et al., 2010) 
where c is airfoil chord length or is the radial length of the blade section (m), r is the rotor radius 
(m), and Ω is the angular velocity of the rotor (rad/s)  
This theory it assumes the tidal rotor as the actuator disc and tidal rotor in a control volume (CV) 
boundaries (Figure 8). BEM theory is based on the following assumptions: 
• The fluid flow should be steady, homogeneous and incompressible, 
• The turbine disc has an infinite number of blades, with velocity being constant in the rotor area, 
• The turbine should not produce any wake or rotational flow,  
• The flow should not get obstructed either by downstream or upstream boundaries i.e. the static 
pressure should be equal to the ambient static pressure distributed across the control volume. 
 
Figure 8 Flow velocity in a control volume according to actuator disc theory (after  Eggleston and Stoddard, (1987) 
where S is the control volume cross-sectional area (m), P0 is the ambient pressure of the atmosphere 
(N/m2), V0 is the fluid velocity at inlet and outlet of CV (m/s), u and u1 are the downstream and 
upstream fluid velocity of the CV (m/s), P2 and P3 are the downstream and upstream pressure of the 
rotor (N/m2), A is the area of the rotor (m2), A0 and A1 are the areas of the inlet and outlet cross 
section of the tube.  
As the water is moving towards the rotor plane area, Bernoulli’s pressure theorem assumes that “the 
flow is frictionless”. The atmospheric pressure is usually about 1atm which is equal to 101325Pa, 
and assuming that density of the fluid is constant, the upstream and the downstream pressure can be 
defined using Equations 2 and 3 respectively: 
𝑷𝟎 + 
𝟏
𝟐
𝝆𝑽𝟎
𝟐 =  𝑷𝟑 +  
𝟏
𝟐
𝝆𝒖𝟐 
Eqn.  2 
 
and  
𝑷𝟐 +  
𝟏
𝟐
𝝆𝒖𝟐 =  𝑷𝒐 + 
𝟏
𝟐
𝝆𝒖𝟏
𝟐 
Eqn.  3 
Thus the axial force (thrust, Trust, N) can be defined as: 
𝑻𝒕𝒉𝒓𝒖𝒔𝒕 =  
𝟏
𝟐
𝝆𝑨(𝑽𝟎
𝟐 − 𝒖𝟏
𝟐) 
Eqn.  4 
 After defining the axial force in the tidal turbine, axial interference factor can be defined as minute 
decrease in the water velocity in the free stream and rotor plane,  
𝒖 = 𝑽𝟎(𝟏 − 𝒂)         Eqn.  5 
It is now possible to define the lift coefficient for a tidal turbine blade which can be expressed as:  
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     𝑪𝑳 =  
𝑳
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           Eqn.  6 
 
The drag coefficient for a tidal turbine blade is defined as:  
𝑪𝑫 =  
𝑫
𝟏
𝟐 𝝆𝑽
𝟐𝑨
  
  Eqn.  7 
 
and the pitching moment (torque) coefficient for a tidal turbine blade can be defined as:  
𝑪𝑴 =  
𝑴
𝟏
𝟐 𝝆𝑽
𝟐𝑨
 
   Eqn.  8 
where, ρ is the density of the sea water (kg/m3), V is the non-uniform velocity of sea water (m/s), A 
is the area of turbine blades (m2), M is the torque (N.m).  
Tidal turbine is distinguished by its power coefficient CP which can be defined as follows: 
𝐂𝐏 =  
𝐏
𝟏
𝟐 𝛒𝐕
𝟑𝐀
=
𝐓𝐮𝐫𝐛𝐢𝐧𝐞 𝐏𝐨𝐰𝐞𝐫
𝐏𝐨𝐰𝐞𝐫 𝐢𝐧 𝐭𝐡𝐞 𝐬𝐞𝐚 𝐰𝐚𝐭𝐞𝐫
 
Eqn.  9 
To obtain an optimal CP, Betz limits 16/27 or 0.593 should be considered while calculating the 
power coefficient with an axial interference factor giving a = 1/3 or 0.33, then 𝑃𝐵𝑒𝑡𝑧 can be 
calculated as: 
𝑷𝑩𝒆𝒕𝒛 =  𝑪𝑷𝑩𝒆𝒕𝒛
𝟏
𝟐
𝝆𝑽𝟑𝑨 
Eqn.  10 
 
where, 𝑃𝐵𝑒𝑡𝑧 is the optimal power that can be produced by a tidal rotor (W), 𝐶𝑃𝐵𝑒𝑡𝑧 is the Betz limit 
power coefficient (16/27).  
BIO-MIMICRY AND ITS APPLICATIONS 
Biomimicry is a field which studies nature, and later imitating its designs and models to solve complex 
human problems (Benyus, 1997). The design process starts by looking at nature’s ecosystem, self-healing 
abilities or a particular organism, to produce a design solution to the human need (Michaels et al., 2015). 
To enable an optimal tidal turbine blade creating higher efficiency throughout the year, swimming speeds 
of the marine vertebrates are studied including their characteristics which allow swimming and providing 
highest propulsion efficiency.  This section also includes a brief study of the fish locomotion which 
identifies the attributes of the swimming like lift based thrust, the locomotion driving factors: dorsal fins, 
caudal fins in propulsion, which enable the fish to be efficient even at low tidal velocities. 
Existing applications 
The analysis of the lengths, and weights of fish species like Swordfish, and Sailfish have been 
performed by  Lenarz and Nakamura, (1972), but the concept of using nature to solve complex 
human problems is a recent idea. The classic example of this is the Humpback Whale and Wind 
turbine blades (which is discussed below), and also the underwater propellers, which are the two 
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most prominent marine and fish locomotion application, which directly relates to the aerodynamics, 
and thus are now being used to design modern wind turbines and marine propellers. 
Humpback whale and Wind turbine blades 
The primary application of the marine vertebrates and their locomotion was first 
explored by Dr Frank Fish, to design an efficient wind turbine blade adapting 
Humpback Whale’s flippers and tubercles, in a Toronto-based company called 
WhalePower (Leung, 2014). The authors proposed this new design of humpback whale 
wind turbine blade design and also claimed that their design gives 20% extra annual 
power production as compared to other existing wind turbine blades, and also has a 
delayed stall (Fish et al., 2011). Figure 9.1, and Figure 9.2 illustrated the humpback 
whale pectoral flippers and manufactured adapted tubercles on the leading edge of the 
wind turbine blade. 
 
Figure 9.1 Humpback whale pectoral flippers, and Figure 9.2 Manufactured adapted tubercles on the 
leading edge of WhalePower wind turbine blade (Fish et al., 2011). 
Dr Fish also claimed that introducing the tubercles at the tip of the blade forces air flow 
to decrease the turbine noise, and it works smoothly with less vibration and noise. The 
tubercle wind turbine blade accomplished the pitch angle of 28°, at the same inlet wind 
velocity, when compared to the traditional wind turbine which produces the pitch angle 
of 16°. Their study concluded with conveying “20% gain in the overall efficiency and 
reducing 1/5th of the vibrational noise in the tubercle wind turbine blade design” (Fish, 
2009). 
Underwater Propellors 
Underwater propellers are designed and developed for a broad range of marine 
applications like boats, ships, and submarines. Underwater propeller systems are used to 
travel long distances, and traditional propeller designs are only designed for two design 
constraints: maximum velocity which allows the submarines to travel long distances, 
and low velocity rotating propellers allowing limited range transportation. Thus there is 
a gap in between these two realms, and there is a need for better propulsion mechanisms 
(Liu and Hu, 2005). The underwater propulsion converts rotational shaft power to thrust 
propulsion, and thus the propulsion of the underwater vehicles is solely based on the 
control surface and thrust generation mechanism. The propulsion efficiency depends on 
the rotation of the propeller, and the majority of the propeller losses are incurred as the 
propeller only rotates in the flow direction, thus by designing the propeller for higher 
thrust efficiency automatically reduces the drag and improves the manoeuvre of the 
underwater systems.  
Many designers have investigated the benefits of the biomimetic underwater propulsion 
mechanisms through the thrust characteristics of the fishes like dolphins and tuna fish 
tail fins, to contribute better efficient propellers for both high and low design speeds. 
United States Navy, has heavily invested in the research of mimicking the tuna fish tail 
fin to design a highly efficient submarine termed as ‘Faux Fish’, which is demonstrated 
in Figure 36.2.  The Faux Fish, submarine propulsion design system is now patented 
and owned by United States Navy, and the empirical results achieved remain highly 
confidential (Gieseke Thomas, 2004). Figure 10.1 shows a conventional seven blade 
marine propeller, and Figure 10.2 illustrates the Faux Fish. 
 
Figure 10.1 seven blades conventional propeller (Di Felice et al., 2009), and Figure 10.2 the Faux Fish fish 
tailfin propeller (Gieseke Thomas, 2004) 
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Work Input vs. Output 
Work input by a fan can be defined as the inward force acting through the distance of entry, whereas 
work output is the output force acting through the output distance dependent on the force to increase 
the output distance, by the turbine blades.  Fans transfer energy into a flow and thus reducing the 
pressure, i.e. power is input to fans and output from turbines. Fans for e.g. axial compressors use 
“back sweep” in the 1D design phase, and the blade twist angles are different on the compressor 
leading, and trailing edge and the gases can reach higher velocities and energy levels. Thus, fans are 
not limited by the Betz limit and can have higher efficiencies than 58.3%. In the case of tidal 
turbines, the seawater rotates the turbine blades, and the water is pulled out and replaced with the 
outside water. Fans offer high peak efficiency over wide range of rotational speed range, they have 
low starting power requirements and have increased pressure rise due to increased number of stages 
with negligible loss. Thus, bio-mimicking the fans would be a good idea to design a horizontal axis 
tidal turbine blade as the seawater velocity varies throughout the year, and the tidal turbine blade 
would have high peak efficiency throughout the year; it would also have increased rotational 
velocity.   
The above-mentioned bio-mimicry examples contribute excellent evidence in improving the 
functioning and the efficiency of the conventional designs and thus generating entirely new designs. 
The following section examines the underwater fish locomotion concepts and their characteristics 
which enable fast and efficient swimming speeds. 
Marine vertebrates and their characteristics 
Locomotion and anatomy of marine vertebrates 
The swimming and locomotion characteristics of marine like most other mammals 
differ in size, weight, shape. Nonetheless, they all live and survive in the unsteady 
currents in the ocean. Thus certain marine vertebrates function accurately in unsteady 
and fast seawater currents like Sailfish, Istiophorus Platypterus which is the fastest fish 
with swimming speeds recorded up to 110 km/h (70 MPH), whereas the Blue Marlin 
fish, Makaira nigricans swimming speed has been recorded up to 80 km/h (50 MPH), 
thus these marine vertebrates employ the thrust manoeuvring or in other words they use 
their ‘fins’ for the propulsion (Hoolihan, 2005).  
The locomotion of the marine vertebrates is based on the paired fins which are also 
known as pectoral flippers, caudal fin, dorsal fins or flukes, which enable highest 
swimming propulsion efficiency (Watanabe and Sato, 2008). For these reasons, these 
fish prove an excellent motivation for bio-mimicking nature to produce an improved 
tidal turbine blade throughout the season. The fish caudal fin in profile looks like a 
streamline, and these fish come in flexible fin shapes and sizes, which makes them 
adaptable to unsteady marine currents. 
The pectoral contribute to the manoeuvrability to swim at low-velocity marine currents, 
with ‘the caudal fin’ causing the essential thrust for propulsion (Tokić and Yue, 2012). 
The caudal fin propulsion may represent a ship is rudder at high speed or an aeroplane 
movement operating with the same forces like pitch and thrust, including the transfer 
mechanisms like drag and lift (Kraus et al., 2011). The pressure related forces drag and 
lift originate due to the water flow acting on the fish body. This propulsion is also 
termed as the Body and Caudal Fin (BCF) propulsion (Figure 11), which may cause 
surface area increment or decrement; thus, the swimming movements may differ from 
species to fish species. 
 
 
Figure 11 the locomotion forces acting on the fish while swimming (Sfakiotakis et al., 1999) 
Pectoral fins are located at the ‘ventrolateral margin’ of the fish body and vary in size, 
shape and function amongst different marine vertebrates as demonstrated in Figure 12. 
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The fundamental role of the pectoral fin is generating dynamic lift which allows fishes 
like sharks to maintain manoeuvrability at certain depths, and thus the dexterity to 
survive (Drucker and Lauder, 2003). The pectoral fins automatically adjust the angle of 
attack of the flow to create upward lift, thus act like an easy fish propulsion fin.  
Dorsal fins are the easiest to locate in marine vertebrates as they are found in the dorsal 
part of the spinal cord in fish. The dorsal fins protect the fish from rolling, and help in 
turning, thus controlling the body at low speeds or to a complete stop (Jayne et al., 
1996). The anal fins are located ventrally in the anus region of the fish, and help to 
manage the body orientation to maintain the stability when the swimming velocity 
increases (Standen and Lauder, 2007). Figure 12 illustrates the evolution of the pectoral 
fins in different fish species. 
 
Figure 12 the evolution of the pectoral (A), and dorsal (B) fins in different species (Jayne et al., 1996) 
The caudal fin, which is also termed the tail fin, is located at the end of the fish’s body 
(caudal penuckle), and is the main fin that produces thrust propulsion through seawater. 
The caudal fin like pectoral fins come in various shapes, and sizes in different species. 
The caudal fin oscillates with the horizontal movements to produce the propulsion 
efficiency by accelerating the body forward in the seawater (Cho et al., 2008). The caudal 
fin based propulsion is caused due to the undulation in the fish body, and this is 
represented by the Body Caudal Fin (BCF) propulsion. The undulatory swimming 
locomotion is divided into the following sections (Windsor et al., 2010a) and is 
demonstrated in Figure 13. 
1) Anguilliform: In this type of undulatory swimming, the fish completes one wavelength 
with their entire body i.e. swimming is possible via both forward and backwards 
movements for fishes like eels, and other jawless fishes.  
2) Carangiform and Subcarangiform: The undulatory fish locomotion in this type is 
performed similarly to the Anguilliform type, but these two types also form the hybrid 
type of swimming locomotion, due to 75% of the body being used to propagate the wave 
amplitude. The caudal fin thrust propulsion of this type is usually seen in trout (Windsor 
et al., 2010b).  
3) Thunniform: This type of swimming mode is the more potent and efficient marine 
vertebrate locomotion which is lift based thrust generation occurring due to the caudal 
fin. The evolution of Thunniform locomotion is found in sharks, marine mammals and 
other fishes; this thus allows the marine vertebrates to maintain fast swimming under low 
water velocities as well. In the Blue Marlin fish the thrust propulsion is 80% efficient 
based on the caudal fin, and despite swimming at high speed, its body is optimised for 
efficient locomotion in calm waters, as well as turbulent waters. 
 
Figure 13 Different swimming modes of fishes (Sagong et al., 2013) 
Justification of the fish selection 
Biomimicking is a prominent trend in the aerospace industry, as morphing the aircraft 
wing design continues to change based on the shapes of bird’s wings (Abdulrahim and 
Lind, 2004). Modern aircraft designs are specifically morphed to make them highly 
adaptable to produce maximum lift and twisted for drag reduction for e.g. when Eagles 
(Figure 14) are observed in the flight their wings are broadened when they are high in 
the sky, and when they are gliding their wings attempt to reduce the drag and thus 
increase the lift.  By using the bird wing morphing principles, the aircraft wings are 
highly adaptable to highly unsteady, time-differing, and uncertain dynamics, which also 
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causes weight reduction and wingspan gaining enough lift and thrust (Han et al., 2009). 
The Progress Eagle (US Army conventional UAV) uses ultralight materials in its 
designs, uses solar energy during flight and is also an example of bird morphing.  
The aerospace industry inspires the wind turbine industry for turbine blade design. 
Airfoil theory is used to develop fixed wing aircraft, while Helicopter blades and Wind 
turbine blades are designed using a more complex Blade Element Momentum theory to 
predict the aerodynamic forces. Helicopter blades which are stiff and have high aspect 
wing ratio rotate at a high speed to produce enough force. As illustrated in Figure 14, 
Whale humpbacks have recently inspired the creation of bio-mimicked helicopter and 
wind turbine blades to reduce the skin friction, and drag (Bhushan, 2009; Canter, 2008). 
Thus, morphing the blade shapes to a humpback tubercles increased the efficiency of 
the blades by additional 20%, compared with the standard blade types in both the cases. 
Other examples which are inspired by aquatic animals are robotic fish (gold shiner fish 
inspiration), and school fish movement to understand the complex fish swimming in the 
water currents, and Lilly Impeller (Nautilus shell inspiration) for energy efficient water 
mixing in the storage tanks.   
Marine vertebrates have the functionality to force their bodies throughout the ocean, 
and with the help of their fins, they create lift and thrust based propulsion as the water 
currents advance through their body (Flammang, 2014).  As illustrated in Figure 12, the 
fins of a marine vertebrate evolve to increase the efficiency while swimming, with the 
caudal fin at particular angles decreasing the drag force, thus resulting in lift increment 
(Salumäe and Kruusmaa, 2011).  The advantage of the drag decrement at the effective 
angles of a caudal fin is the ability of the marine vertebrate is to push its body through 
the water currents at acute angles without losing the ability of propulsion (Gleiss et al., 
2011). The increment in lift from the caudal fin propulsion means that more power is 
generated through the caudal fin propulsion which decreases the drag as the marine 
vertebrate propagates through marine currents, and there is a less opposing force 
(Motani, 2002). The pelvic and anal fins work by creating vortices behind the caudal fin 
which change the pressure distribution over the caudal fin, but the caudal fin maintains 
its balance through an extensive range of angles of attack (Luthy et al., 2005; 
Shirgaonkar et al., 2008).   
The same principles could be applied in designing the horizontal axis tidal turbine 
blades inspired by a curved caudal fin: the friction between seawater currents and 
turbine blades would be reduced, and the advancing turbine blades would rotate faster 
with less seawater current required to turn a turbine. Thus, biomimicry proves an 
excellent motivation to improve the tidal turbine efficiency, which is inspired by the 
wind turbine industry in this paper. 
 
Figure 14 Biologically inspired application within various industries 
 
 
CONCLUSIONS 
This article should be of great interest to academics, researchers, engineers in tidal energy, and also other 
renewable energy consultants, as it brings together the concepts of the tidal energy physics, the ocean 
environment, hydrodynamics of horizontal axis tidal turbines, and bio-mimicry, to develop a novel 
HATT blade shape. Tidal energy conversion is based on the conversion of the kinetic energy available in 
tides with the use of horizontal axis tidal turbines to generate electricity through renewable energies. 
Tidal energy has a tiny reliance on fossil fuels and thus makes it a clean energy generating source. As 
tidal energy is a renewable source of energy, tides are very predictable with as much as 98% of accuracy. 
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It also has the potential to fulfil a significant part of the energy requirements of the UK and the rest of 
the world. 
A primary tidal turbine blade can be modelled using BEM theory and by choosing default NACA airfoil, 
and the hydrodynamic calculations based on the modelled parameters of the selected airfoil can be 
calculated to give a robust hydrodynamic blade. The ocean environment being incompressible has a 
tremendous effect on the overall efficiency of the designed tidal turbine, and is the most important topic 
to understand before tidal turbine blade design. The design variables that affect the overall efficiency of 
the horizontal axis tidal turbine system are chord lengths of airfoils, twist distribution, overall span of the 
blade, the angle of attack, the angular velocity of the blade, blade material, and the fluid velocity acting 
on the blade. According to the Betz limit, when a single turbine is installed in an infinite ocean, the 
maximum turbine efficiency cannot exceed 59.3%. 
Comprehensive analysis of biomimetic applications includes the design of Humpback whale turbine and 
other applications such as underwater propellers. The marine vertebrate synopsis discusses their 
swimming speeds, locomotion characteristics and their relation to the tidal turbine hydrodynamics. The 
study on the fish locomotion identifies the attributes of the swimming like lift based thrust, the 
locomotion driving factors: dorsal fins, caudal fins in propulsion, which enable the fish to be efficient 
even at low tidal velocities. Thus, it can be highlighted that a HATT blade designed by bio-mimicking a 
curved caudal fin shape would generate higher lift and power coefficients throughout the season i.e. for 
lower and higher tidal current velocities. This review of biological methods applied in the HATT design 
process is described to offer interesting conclusions which can be useful for future researchers in tidal 
energy conversion to solve renewable energy problems especially using tidal energy.  
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Figure 1  Generation of the neap and spring tides (James et al., 2010) 
 
 
Figure 2 Mean Spring tide current velocities and specific regions of tidal sites (Department of Business, Enterprise and regulatory 
reform, Atlas of the UK marine renewable energy resource, BERR, London, 2008). 
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Figure 3  the tidal current velocities in mean spring tide for the Pentland Firth, Scotland area (Shields et al., 2009) 
 
 
 
 
Figure 4 Seaflow turbine system by MCT (MCT, 2008) 
 
 
 
Figure 15.1 Swept blade concept (after Ashwill et al., 2010), Figure 5.2 Manufactured STAR blades for flight testing 
(Larwood and Zuteck, 2006) 
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Figure 16 various efficiency limits of water turbines (after  Vu and Retieb, 2002) 
 
 
Figure 17 Illustration of the blade sections (after  Manwell et al., 2010) 
 
 
 
Figure 9.1 Humpback whale pectoral flippers, and Figure 9.2 Manufactured adapted tubercles on the 
leading edge of WhalePower wind turbine blade (Fish et al., 2011). 
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Figure 10.1 seven blades conventional propeller (Di Felice et al., 2009), and Figure 10.2 the Faux Fish fish 
tailfin propeller (Gieseke Thomas, 2004) 
 
 
 
 
 
Figure 11 the locomotion forces acting on the fish while swimming (Sfakiotakis et al., 1999) 
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Figure 12  the evolution of the pectoral (A), and dorsal (B) fins in different species (Jayne et al., 1996) 
 
 
 
Figure 13  Different swimming modes of fishes (Sagong et al., 2013) 
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Figure 14  Biologically inspired application within various industries 
